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Aims The least understood aspect of re-entrant cardiac arrhythmias is how they start spontaneously.
The known mechanisms for re-entry induction involve the application of premature electrical stimuli
or rapid pacing, whereas in a clinical setting, re-entry often occurs at normal heart rates. Here, we
propose a physiological mechanism of re-entry onset at normal and slow heart rates, which is based
on structurally determined heterogeneities.

Methods and results Using a two-dimensional tissue model with Luo-Rudy Il kinetics, we study electrical

propagation in the presence of macroscopic coupling heterogeneities. We find that spiral wave re-entry
occurs if steep and smooth coupling gradients are situated side by side, with the critical steepness
depending on the frequency of stimulation. We demonstrate how bradycardia can unmask a slow
endogenous pacemaker in a poorly coupled region, subsequently leading to spiral wave re-entry.
Conclusion In the presence of coupling heterogeneities, a single excitation coming from the less
coupled region may induce spiral wave re-entry.

Introduction

Re-entrant waves of cardiac activity are an important cause
of tachyarrhythmias. They have been observed experimen-
tally in a variety of species, including dog," pig,? rabbit,>
guinea pig,* and human,>® and in different parts of the
heart, including the ventricles,® the atrial free wall,* the
pulmonary veins,”® and the AV node.® Dynamics of
re-entrant waves has been studied extensively. Little is
known, however, about the initiation of re-entrant waves
in vivo. Currently considered initiation mechanisms rely on
the creation of a phase singularity'® or ‘critical point’,"’
i.e. a point around which a spiral wave can revolve. Phase
singularities can be created by applying a strong electric
field,"" a strong electrical stimulus during the vulnerable
window,'? or by a train of ectopic beats leading to discor-
dant alternans.” In a clinical setting, however, re-entrant
arrhythmias often occur following normal heart rates or
during bradycardia or pause,'*'> and there is no mechanism
known to explain this phenomenon.

Here, we describe a mechanism that can explain the
bradycardic onset of spiral wave re-entry. Our mechanism
assumes the presence of structural heterogeneities, invol-
ving abrupt changes in tissue coupling (‘source-sink mis-
match’'®) as well as a latent pacemaker located in a low
coupling region. Source-sink mismatch and unidirectional
propagation have been studied computationally’” and
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experimentally in strands of cardiac myocytes with abruptly
changing width.'®

We demonstrate that in two dimensions, source-sink mis-
match gives rise to spontaneous initiation of spiral wave
re-entry from a single propagating excitation wave originat-
ing from a latent pacemaker. We start by identifying
conditions under which source-sink mismatch occurs in the
Luo-Rudy dynamic model of cardiac myocytes. Then, we
study the geometrical conditions under which our mecha-
nism can be realized. We discuss its clinical relevance in
various scenarios, including the induction of atrial fibrilla-
tion in the pulmonary veins.

Methods

We use standard reaction-diffusion equations to describe the pro-
pagation of electrical excitation:

v -
Cm w ~(lion(V, X) + Istim) + V - (aVV)

ox .
3t =f.x) M

where C,, is the specific capacitance of the cell membrane, V the
transmembrane voltage, /;, the total ionic current across the mem-
brane, X a vector containing all variables besides V that are used to
describe the local state of the medium (including ion concentrations
and gating variables), /s, the stimulus current, o the local conduc-
tivity tensor describing the coupling between cells, and f a function
describing the dynamics of all variables except V.

The electrophysiological properties of the tissue are modelled
according to the ventricular guinea pig model of Luo and Rudy in
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its latest version.'® Equation (1) was solved using an Euler scheme
with a space step of 200 pm and a time step of 20 us. To pace
tissue at a certain location, we increased I, for 2 ms from 0 to
twice the threshold value required to induce excitation.

To determine the conditions under which source-sink mismatch
occurs, we simulated a one-dimensional cable of length 8 cm with
spatially variable coupling (as shown in Figure 1A and D). To deter-
mine the rate dependence of conduction block, we used a ramping
stimulation protocol, starting at a basic cycle length (BCL) of 600 ms
and then reducing the BCL in steps of 5 ms after every five pulses.

The two-dimensional simulations were conducted in a
20 mm x 6 mm sheet. We describe cell coupling by a diagonal con-

ductivity tensor,
_ ox(X,Y) 0
ofx, ¥) = ( 5 o y))

and assume that the coupling is normal in one part of the tissue but
reduced in the other part. The precise distribution of conductivities
used in our simulations is given by a two-dimensional Boltzmann dis-
tribution:

0x(X,¥) = 0x(X,Y) = Omin+

(Omax — Omin)

( +exp[—(ky,max + (ky,min - ky,max)/(1 +exp[—Kx (X — Xcrit) D)V — Yerit)])
(2)

where omin and o, are the minimum and the maximum conduc-
tivities, oy,min and oy, max the minimal and the maximal characteristic
lengths over which the transition from reduced to normal coupling
occurs in y-direction, and k, the characteristic length over which
the transition from abrupt to smooth in y-direction occurs in
x-direction. The values used in our simulations were omin=
0.081S/m, omax=1.085/m, k,=3.3/mm, Kkymin=0.825/mm,
ky,max = 330/mm, Xric = 12 mm, and Vi = 6.7 mm.

We simulated an endogenous pacemaker in our medium by redu-
cing Ix; to 0 in an square of side 1.6 mm around the lower left-hand
corner; at the same time, we reduced the coupling in this area to
o=0.027S/m.
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Figure 1 Wave propagation across a smooth rise (A-C) and a steep
rise (D-F) in coupling. (A) Coupling as a function of x. (B) Activation
sequence for stimulation at the reduced coupling end. Stars mark
the line of stimulation; thin lines are isochrones, spaced 10 ms
apart. The arrow indicates the direction of propagation. (C) Propa-
gation for stimulation at the normal coupling end. (D) Coupling
profile with steep gradient. (E) Conduction block for propagation
from reduced to normal coupling region (due to source-sink mis-
match). (F) Successful propagation from normal to reduced coupling
region.

Results

The phenomenon of source-sink mismatch in a stripe of
excitable tissue with variable coupling is illustrated in
Figure 1. Figure 1A-C shows the case of a smooth transition
of coupling (from oin = 0.08 S/mM to omin = 1.08 S/m). The
activation pattern is independent of the direction of propa-
gation, despite significant asymmetry in coupling.

The situation changes dramatically when the transition of
coupling becomes sufficiently steep (Figure 1D-F). Now the
transition from oin t0 omax 0ccurs over 200 wm rather than
5 mm. The steep transition causes source-sink mismatch at
the junction and failure of excitation waves to penetrate
into the region of normal coupling (Figure 1E). Waves
originating in the normal coupling region, however, propa-
gate across the junction as before (compare C and F).

The block caused by source-sink mismatch is frequency-
dependent. Figure 2 shows how the critical pacing period
at which block occurs (BCL. or BCL.i) depends on the
ratio of coupling r = onax/omin. One can identify three
domains of conduction: complete block for very fast stimu-
lation (marked in dark grey), bidirectional propagation for
sufficiently low coupling ratios and sufficiently high BCLs
(white), and unidirectional block in between (marked in
light grey).

For r ~ 1, unidirectional block can be achieved only at
short BCLs. As the conduction ratio increases, the range of
BCLs leading to unidirectional block slowly increases, until
at a finite value (r ~ 13), there is unidirectional block for
any stimulating BCL. Unidirectional block for BCL < BCL
is not permanent but of the Wenckebach type. Figure 3A
shows an example of time-dependent unidirectional block
at the transition from low to high coupling. The distribution
of conductivities (Figure 3A) has two intermediate steps
between oin and opmax. It allows bidirectional propagation
at BCL=300ms, but exhibits unidirectional block at
BCL = 180 ms. Figure 3B shows recordings from both the
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Figure 2 Frequency dependence of conduction block. A one-
dimensional medium with coupling distribution, as shown in
Figure 1D, but with variable oin, is periodically stimulated at the
poorly conducting end (omax remains constant). The dots in the
figure mark for each value of oyin/ 0max, the minimum stimulation
BCL that is conducted across the transition in coupling in a 1:1
manner. The dashed line marks the value of onin/omax, above
which there is a unidirectional block independent of stimulation
BCL. The light grey area indicates where in our parameter space
unidirectional block occurs and the dark grey area the region of
complete block.
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Figure 3 Wenckebach rhythms at the transition site of conduc-
tivities. (A) Coupling profile; (B) conduction patterns for two differ-
ent stimulation BCLs (300 and 180 ms). Left column shows activation
at x4 and right column activity at x,. All traces were obtained by
gradually decreasing BCL (see Methods). For BCL = 180 ms, 2:1 con-
duction does not occur immediately but develops after four beats
have been conducted in a 1:1 manner.

Stimulus

Figure 4 Schematic of re-entry induction at a heterogeneous
transition from reduced coupling (omin) to normal coupling (omax)-

reduced and the normal coupling part of the medium for
stimulation at each of the frequencies. The reduced
coupling part (x4) responds to each stimulus for both fre-
quencies. The normally conducting part (x;) responds in a
1:1 fashion for stimulation at BCL = 300 ms; for stimulation
at BCL=180ms, it only conducts four beats until 2:1
conduction sets in (2:1 conduction is stable).

In a two-dimensional medium, a supercritical transition
from low to high coupling can form a substrate for the bra-
dycardic onset of spiral wave re-entry. A schematic of such a
substrate is shown in Figure 4. The characteristic feature is
an area of good conduction next to an area of poor conduc-
tion, with a transition of variable steepness. In the left part
of the medium, the transition is supercritical, so that waves
coming from the reduced conduction area are blocked. At
the right border of the medium, the transition is subcritical,
so that excitation can propagate in both directions [the
distribution of conductivities is given in Eq. (2)].

A stimulus originating in the reduced coupling region can
initiate re-entry. Inside the reduced coupling region, the
stimulus can propagate in all directions. When it reaches
the interface with the well-conducting region, it is blocked
in the left part but propagates towards the right edge,
where it can continue into the upper part of the medium. In
the upper part, the wave propagates from the right to the
left and then downwards to close the re-entry loop.

Figure 5 shows bradycardic onset of spiral wave re-entry
in the Luo-Rudy model of ventricular cardiac tissue. We
used the distribution of conductivities shown in Figure 4
and constructed an endogenic pacemaker in the lower left
corner of the medium (see Methods). Figure 5A-C shows a
sinus beat, which we simulate by injecting current along

the normally conducting border of our medium (at the
top). The sinus beat of excitation traverses the medium
and resets the endogenous pacemaker; the pacemaker will
remain ineffective as long as the sinus rhythm is faster
than its natural frequency.

After the sinus beat shown in Figure 5A-C had passed, we
deliberately increased the sinus BCL (from 600 to 900 ms)
to above the frequency of the endogenous pacemaker (the
pacemaker initially activates after ~800 ms). As a conse-
quence, the endogenous pacemaker generates an ectopic
beat (Figure 5D). This beat propagates rightward in the
reduced coupling region (Figure 5E), but cannot propagate
into the normally conducting region due to source-sink mis-
match. As the wave reaches the smooth coupling transition
on the right side of the medium (Figure 5F), the next sinus
wave arrives and the two waves annihilate (G).

The subsequent ectopic beat starts out as the first one
(Figure 5H and 1), but this time, the wave enters into the
normally conducting region before the sinus beat arrives
(note that as the pacemaker was not reset by sinus rhythm
in the first ectopic beat, the time difference between
second ectopic beat and corresponding sinus beat should
be twice that between first ectopic beat and corresponding
sinus beat). Consequently, spiral wave re-entry forms
(Figure 5J and K) and persists until the sinus rhythm annihil-
ates it (as in F) or until the spiral wave drifts to the
boundary.

Traces (a-c) are recorded during re-entry induction from
the locations marked in Figure 5A. Trace (a) is recorded
from the endogenous pacemaker. The first action potential
represents the last sinus beat. The next to action potential
are ectopic beats (note the characteristic slow depolariz-
ation). The second ectopic beat is followed by a rapid
burst of eight activations, produced by the spiral wave
re-entry.

Traces (b) and (c) are reminiscent of early afterdepolariza-
tions (EADs). Although EADs are usually attributed to abnor-
mal intracellular calcium handling,' 2 our model suggests
that the observation of ‘EADs’ could also be the result of
re-entry. In our case, they are purely a result of the incom-
plete repolarization that occurs at the centre of a re-entrant
wave. As the re-entrant wave drifts, the affected area also
drifts. In our example, location (b) is affected right at the
beginning, whereas location (c) is affected in the second
action potential.

Discussion

We have described a mechanism for spiral wave re-entry
initiation during bradycardia. The mechanism relies only
on a structural substrate composed of neighbouring regions
of different coupling and a varying steepness of the tran-
sition between them. In such a situation, a single excitation
coming from the less conducting region can induce spiral
wave re-entry.

Previous studies have initiated re-entry either by applying a
strong stimulus in the vulnerable period of a wave, by
applying a strong electric field,"" or by delivering a train of
ectopic beats." In all these mechanisms, wave breaks are
created by the interaction of sinus beats with additionally
applied beats or fields. However, tachyarrhythmias occur
also following bradycardia or pause,' in which such an
interaction is unlikely or even impossible. The mechanism
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Figure 5 Bradycardic onset of spiral wave re-entry. (A-D) Propagation of the last sinus wave at normal frequency. White areas represent
excited medium, whereas black areas represent resting medium. Letters in (A) indicate points for which electrical signal is shown below.
Dashed grey circle marks position of endogenous pacemaker. (E) First ectopic beat from the reduced coupling domain. (F) The wave propa-
gates leftwards, but cannot propagate upwards. (G) The first bradycardic sinus beat arrives as the wave is about to turn. Both the ectopic and
the sinus wave are annihilated. (/ and J) The second ectopic beat is initiated and propagates leftwards. (K and L) Formation of a re-entrant
wave. (a-c) Recordings of the electrical activity from the locations marked in (A).

described here does not rely on the interaction of waves, but
explains the induction of spiral wave re-entry purely from the
interaction of a normally propagating wave with a structural
substrate.

The structural substrates needed for our spiral wave
induction mechanism are likely present in several parts of
the heart. Indeed, it has been reported that electrical con-
duction in the myocardial sleeves of pulmonary veins is
highly heterogeneous.””?> Similar substrates can be
expected to occur in other regions in the heart where excit-
able tissue fades out, such as tissue at the atrio-ventricular
boundary or at the border zone of a myocardial infarction.
The other main ingredient required for our mechanism is a
single ectopic beat. In our mechanism, the ectopic beat
does not have to occur spontaneously; if the natural
frequency of an ectopic pacemaker is lower than that of
the sinus node, such a pacemaker can be present over a
long time without becoming visible. A bradycardic event
during which the sinus frequency drops below that of the
pacemaker can suffice to let the ectopic pacemaker emit
one stimulus and induce re-entry. Automaticity in the pul-
monary veins has been described?* and typically occurs
with a frequency below that of the sinus node.?®

The initiation of atrial fibrillation in the pulmonary veins is
the most likely clinical application of the mechanism. As
there is evidence for the presence of all ingredients of our
mechanism in the pulmonary veins and they are at the
same time known to play a crucial role in the initiation of

atrial fibrillation, it would be most promising to try to estab-
lish that our mechanism is at work there. If the sinus node
could be selectively slowed down or uncoupled during elec-
trophysiological testing, this may demonstrate the presence
of a latent pacemaker in the pulmonary veins. Such a pro-
cedure to localize the cause of re-entry at least in part of
the patients may improve the effectiveness of therapies
such as the ablation of arrhythmogenic tissue.

Although we demonstrated re-entry induction for a par-
ticular generic geometry, the mechanism is equally effective
for a large class of substrates. For example, the spatial
dimensions of the line of block do not have to be as large
as the 16 mm used in our model. If coupling in the poorly
conducting region is further reduced, say to 1% of the
normal value (in this article, we used a reduction to 7%),
the line of block only needs to be 3 mm long, and the
needed line of block shrinks further as the coupling in the
poorly conducting region decreases. Such a reduction may
seem enormous, but reductions of conduction speed to
~10%, corresponding to 1% coupling, have been reported
by several studies for the pulmonary veins.”?* It should
also be kept in mind that we are considering structural path-
ologies that only occur in a fraction of all patients.

The main limitation of this study is that we used a simpli-
fied geometry and idealized distribution of conductivities.
More detailed simulation studies and experiments are
required whether or not real substrates support the mechan-
ism described.
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